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Abstract 1 
Recycled wood oxyfuel combustion is attractive for the advantages of reusing the waste bioenergy and reducing 2 
the carbon emissions. However, the changes in the fuel properties and combustion conditions can lead to uncertainties 3 
in the ash deposition. In addition, the understanding of the differences in the ash deposition between the pilot-scale 4 
and full-scale furnaces is very limited. We have performed ash deposition experiments on a 250 kW pilot-scale 5 
furnace for recycled wood air and oxyfuel combustion along with the EI Cerrejon coal combustion as a reference. A 6 
CFD-based ash deposition model, which uses the excess energy based particle sticking model, has been developed 7 
and the predictions are in qualitative agreement with the measurement data. The results suggest that, besides furnace 8 
temperature, the aerodynamics and ash physicochemical properties dictate the ash deposition. The recycled wood has 9 
a much higher deposition rate than the coal in the pilot-scale furnace; however, the biomass can numerically have a 10 
lower deposition rate under high velocities close to the full-scale boilers. This is mainly due to the biomass having a 11 
much lower sticking efficiency since it has high calcium and silicon concentrations and low potassium concentration. 12 
Although the effect of oxyfuel combustion is small and within the experimental uncertainties, it is found that oxyfuel 13 
combustion can affect the particle impaction and sticking behaviours depending on the fly ash properties and these 14 
effects occur in different ways in the pilot-scale and full-scale conditions. Great care should be taken to perform the 15 
transfer of the deposition observations from the pilot scale to the full scale and this is because the furnace scale has 16 
an effect on the selective deposition behaviour. In this paper a relationship between the fly ash properties (ash 17 
composition, size, etc.) and ash deposition for the woody biomass has been proposed. Additionally, the uncertainty 18 
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analysis of the CFD modelling is undertaken, which indicates that the fly ash size distribution and the heterogeneity 19 
are responsible for the major source of errors along with the experimental uncertainties. 20 
Keywords: ash deposition, biomass, oxyfuel combustion, CFD, furnace scale, uncertainty analysis. 21 
1 Introduction 22 
Oxyfuel combustion, which replaces the air by the recycled flue gases and high purity oxygen for producing the 23 
flue gas with a high CO2 concentration, is regarded as a promising technology to achieve a near-zero CO2 emission 24 
in both existing and new power stations [1]. By firing biomass, which is often regarded as a low carbon energy, 25 
oxyfuel combustion has the potential to achieve negative net CO2 emissions. In the UK, taken into consideration the 26 
supply chains and the economy, recycled wood is a potential biomass source for power generation due to its 27 
indigenous availability and low cost. Therefore, recycled wood oxyfuel combustion is an attractive approach to 28 
remove CO2 from the atmosphere and help to meet the stringent carbon budgets of the UK [2], which aims to cut 29 
greenhouse gas emissions by at least 80% of the 1990 levels by 2050. Due to the changes in the fuel properties of 30 
biomass and oxyfuel combustion conditions, many researches have been undertaken in order to study combustion 31 
(ignition and flame stability), radiation heat transfer, and pollutant emissions.  It is regarded that it is technically 32 
feasible to achieve the flame stability and retrofit the heat transfer for biomass oxyfuel combustion through the 33 
adjustment of the oxygen inlet concentration and the recycled flue gas ratio [3-5]. The other technique issues could 34 
result from the ash deposition and this is due to the changes in the combustion conditions and the physicochemical 35 
properties in the recycled wood. All the changes can cause uncertainties in the ash deposition, which is a significant 36 
factor in the design and operation of utility boilers. Therefore, this study focuses on studying the ash deposit formation 37 
for recycled wood oxyfuel combustion.  38 
First, it is important to understand how the oxyfuel combustion condition can affect the ash deposit formation. 39 
Fryda et al. [6, 7] experimentally investigated the ash deposit formation for coal combustion and coal-biomass co-40 
combustion under oxyfuel conditions (30 vol% O2) in a drop tube furnace. Similar temperature and velocity profiles 41 
were designed for both the air and oxyfuel combustion conditions. The results obtained show that the ash deposition 42 
rates were higher under oxyfuel conditions and the differences were mainly as a result of the changes in the physical 43 
properties of the flue gas (higher CO2 concentration, higher gas density, etc.). The slight shift in the bulk fly ash size 44 
to being coarser was observed for one of the cases investigated, and this could also be responsible for the increase in 45 
the ash deposition rate. Also, Yu et al. [8] experimentally found that there was a higher ash deposition rate under 46 
oxyfuel combustion conditions (27 and 32 vol% O2) than air combustion for two US bituminous coals combusted in 47 
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a 100 kW down-fired furnace. The authors proposed that the differences were mainly due to the aerodynamic changes 48 
in the gas flow (lower gas velocity) and combustion temperatures, rather than the changes in the chemistry of the ash 49 
particles. However, Li et al. [9] experimentally found lower ash deposition rates under oxyfuel combustion conditions 50 
(30 vol% O2) for a Chinese bituminous coal in a 25 kW down-fired furnace. They suggested that the lower particle 51 
Stokes numbers, which were due to the lower furnace velocity and slightly smaller particle size under oxyfuel 52 
combustion conditions, were responsible for the changes in the ash deposition rate. The authors proposed that the ash 53 
chemistry of the deposits was basically not changed, which was not responsible for the differences in the ash 54 
deposition rate. Another different experimental investigation was carried out by Brink et al. [10] and Jurado et al. 55 
[11] for coal/biomass oxyfuel combustion/co-combustion with the flue gas recirculation in down-fired furnaces (300 56 
kW and 100 kW, respectively). They found that the ash deposition under oxyfuel combustion was basically similar 57 
to air combustion based on the SEM images of the deposits, the deposit chemistry and the visual observations of the 58 
deposit build-up. The discrepancies in the effect of oxyfuel combustion on the ash deposit formation can be found in 59 
these experimental findings and it can be concluded that: (i) the effects mainly result from the aerodynamic changes 60 
in the small scale furnaces, rather than the chemical changes in the fly ash/deposit [6-9]; (ii) the effect of the oxyfuel 61 
combustion condition on the fly ash formation could be decreased when the flame temperature/char temperature are 62 
close to those in the air combustion [12]. Therefore, it is important to undertake a CFD analysis on the effect of the 63 
aerodynamics on the ash deposition in order to understand the detailed effect of oxyfuel combustion on the particle 64 
impaction and sticking behaviours.  65 
Second, it is important to understand how the physical and chemical changes of biomass can affect the ash deposit 66 
formation. On the one hand, the pulverised recycled wood particles used for power generation generally have much 67 
larger particle sizes than the pulverised coal particles. Particles with a higher particle size could increase the particle 68 
impaction efficiency, but can also reduce its sticking efficiency due to the increase in the particle kinetic energy. The 69 
overall effect of particle size on ash deposit formation is dependent on the furnace velocity conditions, where coarser 70 
particles might be easier to deposit under the low velocity conditions in small scale furnace [13]. On the other hand, 71 
the pulverised wood particles might have irregular shapes than the spherical shape, which might affect the combustion 72 
behaviour and the particle trajectories. For ash deposit formation in the post-combustion region, the effect of ash 73 
particle shape on ash deposition could be alleviated for the ash particles with the melting history due to the increased 74 
spherical shape after melting [14]. Amand et al. [15] reported the experimental studies of ash deposit formation for 75 
a demolition wood combustion in a 12-MWth circulating fluidized-bed (CFB) boiler. They found that KCl was 76 
responsible for the serious ash deposition problem while the contamination of Zn (zinc) without chlorine cannot 77 
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cause a serious ash deposition problem. In this study, the recycled wood have high calcium and silicon concentrations 78 
and low potassium/chlorine concentration in the fuel. This suggests that the recycled wood ash belongs to the ash 79 
type with less ash deposition issues than the ash types with the high potassium level according to the ash classification 80 
method proposed by Vassilev et al. [16, 17], which is based on the relationship between the ash fusion behaviour and 81 
ash composition. In addition, a similar method proposed by Nazelius et al. [18] indicates that this kind of ash type 82 
belongs to the low-medium slagging ash for the fixed bed combustion condition. However, under the pulverised fuel 83 
combustion condition, in addition to the overall ash fusion behaviour, the ash deposit formation is dictated by the 84 
particle size based on the ash chemistry, physical property (size, density, etc.), and furnace operation conditions 85 
(temperature and velocity). These factors lead to uncertainties when only using the ash fusion behaviour based on 86 
the bulk ash composition to predict the ash deposition for the pulverised fuel combustion condition. 87 
Third, it is important to transfer the knowledge of the ash deposition observations in the lab/pilot-scale furnaces 88 
into full-scale boilers. 7R WKH DXWKRUV¶ NQRZOHGJH PRVW VWXGLHV LQ DVK deposit formation for the pulverised fuel 89 
oxyfuel combustion were conducted in lab/pilot-scale furnaces and there has been little modelling/experimental work 90 
on the ash deposition of oxyfuel combustion under different scaled furnace conditions, especially between the pilot-91 
scale furnaces and the full-scale boilers. Although the smaller scaled furnaces are designed to match the time-92 
temperature history of the particles within the full-scale boilers, the furnace velocity condition is much lower under 93 
the smaller scaled furnaces, which can affect the particle impaction and sticking behaviours. Therefore, for practical 94 
reasons, it is significant to understand the difference in the ash deposit formation under the oxyfuel combustion 95 
among the different scaled furnace conditions. 96 
This paper aims to experimentally and numerically investigate the ash deposit formation for the recycled wood 97 
under air combustion and oxyfuel combustion conditions along with the EI Cerrejon coal air combustion as a 98 
reference. First, the three ash deposition cases have been experimentally conducted in the pilot-scale PACT 250 kW 99 
air/oxyfuel combustion test facility (CTF). Second, the ash deposition models based on CFD analysis have been 100 
developed and validated against the experimental data. Also, the initial modelling uncertainties have been analysed 101 
in order to better understand the modelling conclusions. Third, through the developed ash deposition models, the 102 
effect of oxyfuel combustion conditions (the O2 concentration) and the influence of the different scaled furnace 103 
velocity conditions on ash deposition are studied. In addition, the practical implications from transferring the 104 
deposition observations in the pilot-scale furnace to full-scale boiler are discussed.  105 
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2 Experimental data  106 
2.1 Pilot-scale furnace and combustion tests 107 
The PACT 250 kW air/oxy-fuel combustion test facility (CTF) is a single-burner down-fired cylindrical furnace, 108 
which has an overall length of 4 m and an inner diameter of 0.9 m, as show in Figure 1 (a). Two different scaled 109 
versions of commercially available low NOx burners have been fitted to the furnace. The swirl burner for coal 110 
combustion has been manufactured by Doosan Babcock while the one for biomass combustion has been 111 
manufactured by General Electric. Both burners consist of a primary register through which the pulverized solid fuel 112 
and the primary oxidiser stream at ambient temperatures are fed and the secondary and tertiary registers for delivering 113 
the rest of the preheated oxidizer. The oxidizer flowrate ratio and swirling intensity through the secondary and tertiary 114 
registers in both burners are able to be adjusted in order to produce a stable swirled flame. During the stable operation, 115 
the combustion air flowrate is kept constant in order to achieve a consistent flow field, and the feed rate of the 116 
pulverised solid fuel is adjusted in order to maintain the excess oxygen level in the flue gas of 3.5% (dry basis). 117 
 118 
Figure 1 The schematic diagrams of (a) the pilot-scale furnace (mm) and (b) the ash deposition measurement 119 
system. 120 
Table 1 Fuel properties of the EI Cerrejon coal (Coal) and the recycled wood (REC) that were used for the 121 
CFD calculations. 122 
 Coal REC as received Coal REC 
SiO2 39.9 44.4 Moist. 7.63 5.8 
Al2O3 16.6 5.8 Vol. 35.5 73.9 
Fe2O3 10.8 7.6 FC 54.0 17.1 
CaO 14.4 29.5 Ash 2.9 3.2 
Burner
Deposition port
Flue gas outlet
900
4000
2800
Imaging system
View port Deposition port
Deposition probe
(a) The schematic diagram of the pilot-scale furnace.
(b) The schematic diagram of the ash deposition 
measurement system.
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MgO 1.9 4.1 GCV (kJ/kg) 28.7 18.4 
K2O 1.6 2.6 DAF Coal REC 
Na2O 1.9 1.5 C 80.9 51.9 
TiO2 0.6 0.9 H 5.12 6.0 
P2O5 0.8 0.6 N 1.65 0.4 
SO3 11.4 3.0 O 11.8 41.7 
Table 1 shows the properties of the EI Cerrejon coal and the recycled wood, including the proximate and ultimate 123 
analysis, as well as the major ash composition. As expected, the biomass has a much higher volatile and lower fixed 124 
carbon than the coal. Also, the biomass has a much higher oxygen concentration than the coal. Therefore, a much 125 
higher concentration of oxygen and lower concentration of carbon in the fuel give rise to a much lower heating value 126 
for the biomass than the coal. Both fuels have relatively low ash content of approximately 3%. With regard to the 127 
ash composition, the coal is mainly composed of silicon, alumina, calcium, sulphur and iron relevant phases whereas 128 
the recycled woody biomass is mainly composed of silicon and calcium relevant phases. Figure 2 shows the melting 129 
behaviours of these two fuels under different combustion conditions based on the bulk ash composition by using the 130 
chemical equilibrium software Factsage with the µ6/$*%¶GDtabase with possible 2-phase immiscibility. Generally, 131 
the melting curves are similar between the two fuels although the biomass ash shows a higher melting potential under 132 
the temperature range from 1550 K to 1800 K. The effect of oxy-fuel combustion on the melting potential is marginal 133 
while the Oxy24 case has a much lower melt fraction compared to the other cases due to the lower furnace 134 
temperature. However, it should be noted that the melting behaviours are based on the bulk ash composition. For 135 
woody biomass, silicon and calcium may occur in different minerals and solid particles [19], which have much higher 136 
melting temperatures than that of the bulk ash composition. Table 2 shows the operating conditions for the three 137 
different cases (including one coal air combustion case and two biomass combustion cases for the air and oxyfuel 138 
conditions). The oxyfuel case has been tested with a total inlet oxygen concentration of 27% (Oxy27) in order to 139 
obtain a similar temperature distribution and radiative heat transfer in the air-fired combustion conditions. 140 
 141 
Figure 2 The predicted melting curves by using the chemical equilibrium method as a function of the 142 
temperature for different combustion conditions based on the bulk ash composition: the arrows represent 143 
the melt fraction under the furnace temperature at the deposition regions. 144 
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Table 2 Summary of the operation conditions of the pilot-scale furnace that were used for the CFD 145 
calculations (Coal-air, REC-air and REC-Oxy27). 146 
 Coal-air REC-air REC-O27 
Mass flow rate (kg/hr)    
Fuel 25.7 42.1 42.1 
Primary 60.1 52 55.7 
Secondary  92.2 148 154.7 
Tertiary 158.3 88.8 92.8 
Inlet gas temperature (K)    
Primary 297 294 296 
Secondary  525 524 525 
Tertiary 525 524 525 
Oxygen concentration (vol.%)    
Primary 20.84 20.92 21.09 
Secondary  20.84 20.92 28.30 
Tertiary 20.84 20.92 28.30 
2.2 Ash deposition measurements 147 
Figure 1 (b) shows a schematic diagram of the ash deposition measurement system, which consists of the deposit 148 
sampling system and the imaging system. The deposit sampling system consists of the ash deposition probe with a 149 
detachable uncooled ceramic coupon at the tip in order to collect the deposits. To simulate the temperature condition 150 
for the slagging formation on a radiant superheater tube in the utility boilers, the ash deposition probe is inserted into 151 
the middle of the cross section of the furnace, which is located at the downstream of the combustion chamber with a 152 
distance of 2.8 m from the top wall of the furnace. The imaging system is used to record the deposit growth and the 153 
shedding. Much care needs to be taken to choose the outer diameter of the deposit sampling coupon. Ideally, through 154 
choosing a proper outer diameter, it is possible to match the particle Stokes number ( ൌ ሺߩ௣݀௣ଶ ഥܷሻ ሺ ?ߤ௚ܦሻൗ ) with 155 
the one in utility boilers in order to maintain a similar particle impaction behaviour. However, due to the much lower 156 
velocity condition in the pilot-scale furnace (0.5 m/s) than in the utility boilers (10±(?PVWKHRXWHUGLDPHWHUVKRXOG157 
be scaled to be 1/20-1/50 of the dimension of a real superheater tube, which is difficult to be manufactured and used 158 
for collecting the ash deposition for the pilot-scale furnace. Therefore, in this study, a typical dimension of the real 159 
superheater tube of 37 mm is used. This indicates that the dimension leads to the particle Stokes number to be 1/20-160 
1/50 of the one in the real boilers, which can greatly reduce the impaction efficiency of small particles. 7RWKHDXWKRU¶V161 
knowledge, the only available research where the particle Stokes numbers have been matched is the ash deposition 162 
experiments undertaken in the Sandia National Laboratories Multifuel Combustor (30 kW) [20], which is able to be 163 
operated under a much higher furnace velocity of 5 m/s. However, it should be noted that, in addition to particle 164 
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impaction, the particle sticking behaviours are dictated by the particle kinetic energy ( గଵଶ ߩ௣݀௣ଷ ௣ܸଶ). Therefore, the 165 
ash deposit formation in the lab/pilot scale furnaces could be different from the real boilers and this is due to the 166 
much lower particle Stokes number and particle kinetic energy. 167 
The ash deposition rate is characterised by the ratio of the deposit mass to the deposition time. The deposition 168 
time of four/six hours is used in order to ensure that enough deposits are collected before the shedding occurs. The 169 
experimental uncertainties for the ash deposition rate mainly result from the repeatability error and the variability in 170 
the fuel feed rate and fuel properties (ash content, ash composition, etc.). The repeat ash deposition experiments of 171 
coal combustion have been undertaken twice. The relative variability (represented by the ratio of the standard 172 
deviation to the averaged value of the deposition rate) in the twice-repeated ash deposition experiments of coal 173 
combustion is approximately 12%. Since the biomass combustion has a much higher ash deposition rate than the coal 174 
combustion, this could help to reduce the variability [20]. Therefore, it is assumed that the relative variability for 175 
biomass combustion is not higher than coal combustion and the repeated experiments of biomass combustion are not 176 
undertaken for the reason of the experimental expense. The relative variability in the fuel feed rates are within 5% in 177 
order to maintain the excess oxygen level in the flue gas of 3.5% (dry basis). Due to the relatively low ash content, 178 
the relative variabilities of the ash content have large values of 29% and 34% for coal and biomass, respectively. The 179 
relative variabilities of the major ash composition (represented by SiO2, CaO, Al2O3, Fe2O3, etc.) are within 180 
approximately 10%, which may not greatly affect the ash composition. Also, the relative variabilities of the averaged 181 
diameter of the particle size distribution are within a small value of 3%. Therefore, only the variabilities in the 182 
repeatability error and the ash content have been taken into account in this study, which results in the combined 183 
standard uncertainties (represented by the root sum of the squares of the two relative variabilities [21]) in the ash 184 
deposition rate of 32% and 35% for coal combustion and biomass combustion, respectively. 185 
3 Mathematical models 186 
3.1 Combustion modeling 187 
Pulverized fuel combustion is modeled by Euler±Lagrange approaches through three-dimensional (3D) CFD-188 
based mathematical models. Mathematical submodels, such as the Reynolds Stress model (RSM), Discrete Ordinate 189 
model (DOM), the eddy-dissipation model (EDM) and Discrete Phase Model (DPM), are used for modelling the 190 
turbulence, radiation heat transfer, gas combustion, and particle trajectories, respectively. The combustion of the 191 
solid fuel particles can be modelled by the sequential processes of inert heating, moisture release, devolatilisation, 192 
char combustion, and finally inert heating/cooling of ash particles. In order to take into account the high concentration 193 
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of CO2 under oxy-fuel conditions, the in-house developed radiation property models (the full-spectrum correlated k 194 
(FSCK) model and Mie theory based data) are used [22-24]. The previous studies have shown a relatively hotter 195 
flame after using the refined radiation property models while the effect on the temperature at the downstream of 196 
furnace is small [23].  In addition, reasonable agreements have been obtained between the experimental data and the 197 
predicted results for the in-flame gas species, the flue gas species and the surface incident radiation on the furnace 198 
walls. More details of the 3D CFD combustion models may be found from our previous work [23, 25, 26]. 199 
It should be noted that the particle combustion models are not directly developed for ash deposition prediction. 200 
In this study, since the deposit formation is relevant to the post-combustion region, the formation of ash particles are 201 
predicted by the original coal particle size distribution and the ash content [27] while the density of the ash particles 202 
are predicted by employing the original ash composition. The fly ash formation routes (including fragmentations of 203 
coal/char/excluded minerals, coalescence of included minerals, and vaporization/agglomeration/condensation of 204 
salts/organic-bound inorganics [28, 29]) are often neglected in the particle combustion modelling due to the 205 
complexity. Up to date, it is still a challenge to directly incorporate the detailed fly ash formation models into the 206 
CFD based combustion modelling [29, 30]. However, this limitation can lead to the uncertainties in the 207 
physicochemical properties (ash composition, size, density, etc.) of the fly ash particles, which are among the key 208 
factors in dictating the ash deposit formation. More details of the uncertainty analysis of the effect of fly ash formation 209 
on ash deposition are discussed in the next section. 210 
3.2 Ash deposition models 211 
The trajectories of the coal particles are modelled in a Lagrangian reference frame by using the DPM. They are 212 
governed by the particle motion equation, which is a balance of the drag, gravity, and other body forces as formulated 213 
in the equation [31]: 214 ݉௣ ݀ݒԦ௣݀ݐ ൌ ݉௣ ቆ ? ?ߤ௚ߩ௣݀௣ଶ ܥ஽ܴ݁௣ ? ? ൫ݒԦ௚ െ ݒԦ௣൯ ൅ Ԧ݃ሺߩ௣ െ ߩ௚ሻߩ௣ ቇ ൅ ܨԦ (1) 
where, ݒԦ, ߩ, ߤ and ݀ are the velocity, density, viscosity and diameter of the particles, respectively; the subscripts ݌ 215 
and ݃ refer to the particle and gas, respectively, ܥ஽ is the drag coefficient, and ܨԦ is the other body forces, such as the 216 
thermophoretic force, etc. In the deposition experiments, there is no initial deposition layer with fine particles and 217 
the leeward section of the uncooled deposition tube is clean. Hence, it is reasonable to neglect the thermophoretic 218 
force for the uncooled probe in this study. The effect of fluid turbulence on the particle trajectories (or termed as the 219 
turbulent diffusion) has been considered by the Discrete Random Walk (DRW) model, which integrates the particle 220 
motion equation of a sufficient number of particles using the instantaneous fluid velocity. For the pilot-scale cases, 221 
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due to the low Re (ሺߩ௚ ഥܷ௚ܦ௣௥௢௕௘ሻ ߤ௚ൗ  §-80) in the downstream region and the particle turbulent diffusion is not 222 
considered. In order to resolve the boundary layer, the enhanced wall treatment is enabled. If the near-wall mesh is 223 
fine enough to be able to resolve the fluid viscous sublayer (y plus у1), then the enhanced wall treatment can be 224 
similar to the traditional two-layer zonal model [32]. 225 
After the arrival rate of the ash particles, ܣ௔௥௥௜௩௔௟, is predicted by the models mentioned above, and it is required 226 
to incorporate a particle sticking model in order to predict the sticking efficiency of particles, ܧ௦௧௜௖௞. Then the ash 227 
deposition rate can be determined by the product of the arrival rate and the particle sticking efficiency. In this study, 228 
the in-house developed particle sticking model, based on the energy conservation analysis, is used [13], and this has 229 
been validated by the particle sticking behaviours for particles with Stokes number up to approximately seven 230 
(comparable to the particle Stokes number in a full scale furnace) and the ash deposition formation from coal 231 
combustion in a down-fired furnace for particles with a relatively small Stokes number. The sticking model takes 232 
into account the particle properties relevant to the ash chemistry, particle kinetic energy and furnace operation 233 
conditions and considers the partial sticking behaviour and the deposit layer. The particle sticking efficiency, ܧ௦௧௜௖௞, 234 
can be determined by the following formula: 235 ܧ௦௧௜௖௞ ൌ ൜ ?ǡ݂݅ܧכ ൑  ?݁ሺିଽǤଶଵכாכሺଵି௙೘೐೗೟ሻሻǡ ݂݅ܧכ ൐  ? (2) ܧכ ൌ  ? ?݀௠ଶ ሺ ? െ ܿ݋ݏߠሻ ൅  ? ? ௠݀ െ  ?Ǥ ? ? ? ? ? כ ݀௠ସǤ଻଴ כ ሺ ? െ ܿ݋ݏߠሻ଴Ǥହଽଵ െ  ? (3) ݀௠ ൌ  ? ൅  ?Ǥ ? ? ? ܹכ݁଴Ǥଷଵ଻ (4) 
where, ܧכ is the excess energy normalized by the surface energy, ௠݂௘௟௧ is the liquid phase content (or termed as the 236 
melt fraction) of the deposit surface, which was estimated by the deposit composition and temperature through the 237 
chemical equilibrium method; ݀௠ is the maximum spread ratio, ߠ is the contact angle, ܹ݁ ൌ ሺߩ௣ܷ௣ଶܦ଴ሻ ߛ௅௏ ?  is the 238 
particle Weber number, ߩ௣  is the particle density, ܷ௣ is the normal component of the particle impact velocity, ܦ଴ is 239 
the particle diameter and ߛ௅௏ is the liquid-vapour surface tension.  240 
It is necessary to clarify how the parameters in the particle sticking model have been determined in this study. 241 
The ash particle diameter is estimated from the original coal particle size distribution and the ash content as mentioned 242 
earlier. The ash particle density and the liquid-vapour surface tension is estimated by the bulk ash composition [33]. 243 
Due to the difficulty in directly considering the viscous effect on the ash particle sticking behaviour, it is indirectly 244 
considered by the wetting behaviour [13]. The ௠݂௘௟௧ is determined by the melt fraction as mentioned in Equation (2). 245 
Then, the contact angle is determined by matching the predicted results with the experimental data in the ash 246 
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deposition rate. For the coal ash deposition case, the contact angle of 160o is used when the predicted liquid phase 247 
content of the deposit surface chemical equilibrium was 83%, which is employed as the value of ௠݂௘௟௧ in this model. 248 
For the biomass air combustion case, the same contact angle of 160o is used due to the similar melting curves between 249 
the biomass and coal ashes. However, the ௠݂௘௟௧ with a value of 41.5% is half of the predicted liquid phase content in 250 
order to match the predicted results with the experimental data. This can be due to the high concentrations in the 251 
silicon and calcium and the low potassium concentration in the woody biomass ash and its heterogeneity. For the 252 
biomass oxyfuel combustion case, the same assumption is employed as in the biomass air combustion case. The 253 
normal component of the particle impact velocity is directly obtained from the CFD modelling analysis. The detailed 254 
values of these parameters can be found in the Supplementary Materials. 255 
3.3 Case set-up and uncertainty analysis 256 
TKHµVWHDG\VWDWH¶DVVXPSWLRQVRIWKHGHSRVLWLRQUDWHV are employed to develop the ash deposition sub-models. 257 
This is because the thermal boundary is relatively stable for the uncooled tube and the deposit height is within 2mm, 258 
which is much smaller compared to the outer diameter (37 mm) of the tube. This does not greatly change the geometry 259 
of the deposit surface and affect the particle impaction and deposition behaviour. Kupka et al. [34] experimentally 260 
found a linear ash deposition rate in the early stage, which also supports WKHµVWHDG\VWDWH¶ assumption in this study. 261 
The two-dimensional (2D) mesh is used as the focus of this study is on the ash deposition formed by the inertial 262 
impaction at the windward section of the uncooled tube while 3D can have an effect on the fume ash deposition at 263 
the leeward section [35]. The 2D geometry is 0.9m*0.9m with a deposition tube of outer diameter 37mm placed in 264 
the central region while the boundary conditions are determined from the combustion cases (temperature, gas species, 265 
velocity, ash particle flow rates, etc.). In order to resolve the flow-field within the boundary layer near the deposition 266 
surface, Weber et al. [36] suggested the employment of at least twelve grid nodes within the į99 thickness (represented 267 
by the boundary layer thickness where the velocity reaches 99% of the free stream velocity) when a first-order 268 
numerical scheme is used while Haugen et al. [37] and Bouhairie et al. [38] employed approximately three nodes to 269 
be located within the boundary layer by using a higher-order discretization scheme. In this study, the second-order 270 
discretization scheme is enabled and the first node is placed at approximately 0.2 mm from the tube which meets the 271 
mesh requirement proposed by Weber et al. [36] for the deposition cases in the pilot scale furnace. An additional 272 
mesh with the first node displacement of 0.05 mm is tested for the higher velocity case (25 m/s) and the difference 273 
in the particle arrival rate is marginal compared to the current mesh. Therefore, in order to reduce the computational 274 
resource, the same mesh (0.2 mm) has been used for the higher velocity conditions as well, which meets the criteria 275 
used by Haugen et al. [37] and Bouhairie et al. [38]. The averaged y-plus at the deposition tube are 0.05 and 0.74 for 276 
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the low velocity condition (approximately 0.5 m/s) and high velocity condition (25 m/s), respectively. Again, this 277 
indicates that the current boundary mesh should basically meet the requirement for the enhanced wall treatment. 278 
More details of the geometry and mesh can be found in the Supplementary Materials. 279 
The uncertainty analysis in the CFD modelling is significant in order to understand whether the simulation 280 
conclusions are reasonable. In this study, for the CFD modelling of the ash deposition in the post-combustion region, 281 
the source of errors in the modelling can come from (i) the experimental measurements, (ii) the numerical parameters 282 
and (iii) the model parameters. As mentioned in Section 2.2, for the experimental measurements, the ash content is 283 
the major source of error, being 29% and 34% for coal and biomass, respectively. For the numerical parameters, 284 
mesh resolution and quality, and the discretization scheme could be the major source of errors. However, these 285 
numerical error sources are neglected in this study since a fine mesh with a high quality is used and the second-order 286 
discretization scheme are enabled. For the model parameters, the error sources could be generated by the viscous 287 
turbulence model, the radiation model and the parameters employed in the ash deposition model. Sensitivity analyses 288 
of different viscous models (including the standard k-epsilon, realizable k-epsilon, k-omega SST and Reynolds stress 289 
model) 1 and two different types of radiation property models (the in-house developed radiation property model and 290 
the traditional radiation property model) have been carried out. The effects of both turbulence models and radiation 291 
property models are marginal. Hence, the study neglects the uncertainties in the viscous models and radiation property 292 
model since their errors are small compared to other source of errors. However, for fume particle deposition, the 293 
uncertainties in the transient modelling (URANS, LES, etc.) of particle-laden flow should be taken into account. For 294 
the model parameters, the number of particle size intervals and number of tries in the DRW model could affect the 295 
particle arrival rate. The fluctuations in the predicted arrival rate can be minimized by increasing the number of 296 
particle size intervals and number of tries. In this study, 50 intervals and 10 tries are used, which results in the relative 297 
variability in the deposition rate within approximately 2%. Another major contribution in the error source is generated 298 
by the fly ash properties. The first one is the particle size distribution. Becknman et al. [39] measured the particle 299 
size of the original coal particles and the bulk fly ash particles, where the fly ash particles showed 7% higher averaged 300 
size and 28% lower spreading factor of the Rosin-Rammler distribution than the predicted values by using the current 301 
assumption in this study. This represents that the current assumption under predicts the particle size distribution in 302 
the coarse and fine ranges, which correspondingly over predicts the distribution in the medium particle range. This 303 
is because the detailed fly ash formation mechanisms are not considered in the current assumptions. Therefore, the 304 
                                                        
1
 Note: For the pilot-scale cases, the laminar model is used due to the low Re (§-80); while the turbulence model is 
used for high velocity conditions with high Re ((§2300-4300). 
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sensitivity analysis of ±10% in the average size and -30% in the spreading factor is taken into account by the 305 
modelling uncertainty. The second fly ash property is the heterogeneity in the fly ash chemistry, which can affect the 306 
particle density and the melting/sticking behaviour. The major mineral species in the fly ash particles from EI 307 
Cerrejon coal are SiO2 (2.65 g/m3), CaAl2Si2O8 (2.73 g/m3), and Al2SiO5 (3.67 g/m3) while the major species in the 308 
fly ash particles from the recycled wood may be SiO2 (2.65 g/m3), CaSiO3 (2.9 g/m3) and CaO (3.4 g/m3). Therefore, 309 
the possible range of the ash particle density could be 2.65-3.67 g/cm3 for coal ash and 2.65-3.4 g/cm3 for biomass 310 
ash. In addition, with the decrease in the ash particle size, the content in the basic component (e.g., the accumulation 311 
of potassium in the fine ash particles due to the vaporisation/agglomeration/condensation [40]) generally increases 312 
and the acid component of silicon generally decreases. This may result in the increased melting propensity of the 313 
small particles than the large particles. Therefore, a sensitivity analysis of the heterogeneity in the ash chemistry is 314 
considered by the assumption of using a particle size dependent particle contact angle: (i) the smallest particle has a 315 
relatively low contact angle of 90o (which represents the particle itself being easy to stick) and the largest particle 316 
has a relatively high contact angle of 179o (which represents the particle itself being difficult to stick) while the 317 
averaged particle had the contact angle of 160o; (ii) other medium particles are linearly located between these values. 318 
Therefore, the combined modelling uncertainties can be determined by the lower bound and upper bound of the 319 
uncertainty analysis of the above error sources (the ash content, the particle density, particle size distribution, and the 320 
heterogeneity in the ash chemistry), which results in 9*14=126 CFD cases that have been numerically investigated. 321 
More details of the model parameters for the uncertainty analysis can be found in the Supplementary Materials. 322 
4 Results and discussion 323 
4.1 Measured and predicted ash deposition behaviour 324 
Figure 3 shows the measured and predicted ash deposition behaviour. First, the deposit is mainly formed at the 325 
windward section of the uncooled tube while there is almost no deposit on the leeward section as shown in Figure 326 
3(a). This indicates that both the thermophoretic effect and the eddy impaction are insignificant for the uncooled 327 
probe and under a low Reynolds number (§ 70-80) in the downstream region of the pilot-scale furnace. Second, as 328 
shown in Figure 3(b), experimentally, the ash deposition rate for coal air combustion case, 6.9 g/(m2*hr), is much 329 
lower than the recycled wood combustion cases (24.2 and 22.5 g/(m2*hr) for air and oxyfuel cases, respectively). 330 
This is mainly due to the overall particle impaction efficiency for coal, ranging from 1.5% to 6.4%, being much lower 331 
than the recycled wood, ranging from 8.6 to 15.4% and 6.6% to 12.1% for air combustion and oxyfuel combustion, 332 
respectively, as shown in Figure 3(c). Weber et al. [41] also found that biomass fuels have a much higher deposition 333 
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rate and particle impaction efficiency than the South African Middleburg coal. However, the predicted impaction 334 
efficiency by Weber et al. [41] is much higher than in the current study. This discrepancy can be attributed to the 335 
particle size of the fly ash being assumed to be constant during combustion process by Weber et al. [41] while the 336 
fly ash size is assumed to be reduced based on the ash content in this study. On the other hand, the overall particle 337 
sticking efficiency for coal has a value of about 0.8, which was approximately twice that of the values (about 0.4) for 338 
biomass. It is interesting that the values of the sticking efficiency in this study are comparable to those presented by 339 
Weber et al. [41], which are approximately 0.8 and 0.4 for the coal and mixed wood under a similar furnace velocity. 340 
In this study, the lower sticking efficiency of the biomass ash particles could be due to the heterogeneity in the fly 341 
ash composition and the larger particle size. For the recycled wood investigated, the main ash composition are silicon 342 
and calcium in the relevant phases. When these two inorganic components separately occur in the fly ash, then they 343 
can be difficult to melt and this can decrease their sticking efficiency. Thirdly, the recycled wood air combustion 344 
case have a slightly lower but similar deposition rate compared to the oxyfuel combustion case since the small 345 
difference in the deposition rate is within the experimental uncertainty. Further,the predicted ash deposition rate has 346 
a similar trend to the measurements, as shown in Figure 3(b).  347 
 348 
Figure 3 Measured and predicted ash deposition behaviour 2: (a) Deposit images on the tube; (b) 349 
Comparison of the measured and predicted ash deposition rate; (c) Predicted OIE (overall impaction 350 
efficiency); (d) Predicted OSE (overall sticking efficiency). 351 
                                                        
2
 Note: (i) The overall impaction efficiency is calculated by the ratio of the overall arrival rate of particles onto the 
deposition surface to the mass flux of the particles at the projected surface in front of the deposition surface. (ii) The overall 
sticking efficiency is calculated by the ratio of the deposition rate to the overall arrival rate of the particles onto the 
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Figure 4 shows the predicted ranges for the impaction efficiency and sticking efficiency as a function of particle 352 
size. Interestingly, for size <60-90 ȝm (correspondingly, particle Stokes numbers were from 0.3-0.5), the particle 353 
impaction efficiency is close to zero. Weber et al. [36] found that the critical particle Stokes number should be 354 
between 0.3-0.4 for Reynolds number between 42.6-106 when only considering the inertia impaction, which is 355 
similar to the current predictions. The particle impaction efficiency gradually increases with the increase in the 356 
particle size (>60-90 ȝm). This is because, for inertia impaction, smaller particles follow more closely to the fluid 357 
streamlines and they are less likely to impact on the surface, however, the particles with the larger Stokes numbers 358 
are less likely to be affected by the gas flow and more likely to impact on the deposition surface [26, 27]. In addition, 359 
coal and biomass-air cases generally have higher impaction efficiency than the biomass-oxy27 case and this is due 360 
to the decrease in the gas velocity under the oxyfuel combustion condition. In Figure 4, the particle sticking efficiency 361 
generally increases with the reduction in the particle size. In addition, the narrow variations in the predicted particle 362 
sticking efficiency are found and this is due to the impacted particles are coarse particles.  363 
 364 
Figure 4 Predicted particle impaction efficiency and sticking efficiency as a function of particle size (the 365 
shaded region is the modelling uncertainty). 366 
4.2 The effect of oxyfuel combustion condition 367 
Figure 5 shows the effect of the oxyfuel combustion condition (the overall oxygen concentration at the inlets) on 368 
the ash deposit formation. Generally, the predicted ash deposition rates are similar for all cases investigated, but the 369 
oxyfuel cases have slightly lower rates than the air combustion case. The Oxy24 case shows a clear higher overall 370 
                                                        
deposition surface. (iii) Ash deposition rate is based on the probe area. (iv) The error bars in Figure 3(b) including both the 
experimental uncertainties and the modelling uncertainties. The other error bars presented in other figures (Figure 3 (c) 
and (d), Figures 5, 6 and 8) only represent the modelling uncertainties. 
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impaction efficiency and lower sticking efficiency and this is due to the increase in the gas velocity (by 15% compared 371 
to the air combustion case) and decrease in the gas temperature (by 100 oC compared to the air combustion case). 372 
However, the overall particle impaction for the Oxy27 and Oxy30 cases are approximately 20%-30% lower than the 373 
air case while the sticking efficiencies are close to each other. Therefore, this suggests that: (i) When the temperature 374 
profile/heat transfer under oxyfuel conditions are adjusted to match the air conditions, which are similar to the 375 
scenarios for Oxy27 and Oxy30, the slight change in the temperature and velocity does not have a significant 376 
influence on the sticking behaviour; (ii) The change in the gas density and velocity can reduce the particle impaction 377 
efficiency, but the level of the change in the particle impaction behaviour is dictated by the ash size range. 378 
 379 
Figure 5 The effect of the oxyfuel combustion condition on the ash deposit formation: (a) Ash deposition rate 380 
(g/(m2*hr); (b) OIE, Overall impaction efficiency; (c) OSE, Overall sticking efficiency. 381 
 382 
Figure 6 The predicted OIE (overall impaction efficiency) and OSE (overall sticking efficiency) under 383 
different flue gas velocity conditions relevant to the boiler conditions3. 384 
                                                        
3
 Note: the evaluated velocity for the oxy27 cases were assumed to be 20% lower than the air combustion case. 
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 385 
Figure 7 The relative difference in the particle impaction efficiency (defined as the ratio of the difference of 386 
the impaction efficiency between the air case and the Oxy27 baseline cases to the impaction efficiency of the 387 
air case) as a function of particle size. 388 
4.3 The effect of flue gas velocity 389 
The main difference in the furnace conditions between the pilot-scale furnaces and full-scale boilers is the much 390 
lower flue gas velocity in the pilot-scale furnaces [42]. The furnace velocity condition is a significant factor in 391 
dictating the Reynolds number, particle Stokes number and particle kinetic energy. Hence, the change in flue gas 392 
velocity can lead to uncertainties in the ash deposit formation. 393 
Figure 6 shows the changes in the overall impaction and sticking behaviours after increasing the flue gas velocity 394 
close to a value used in the boilers. Generally, due to the increase in the particle Stokes number and particle kinetic 395 
energy, the particle impaction efficiency increases from approximately 3% to 50% and 10% to 70% for coal and 396 
biomass, respectively, while the sticking efficiency decreases from 75% to 20% and 40% to 1% for coal and biomass 397 
respectively. Also, under the higher velocities (15-25 m/s), the difference in the particle impaction efficiency between 398 
the air and oxyfuel cases is relatively small, while the difference is much higher for the pilot-scale furnace, as shown 399 
in Figure 7. In the pilot-scale furnace, the effect of the oxyfuel condition on decreasing the impaction efficiency can 400 
effectively increase with the decrease in the particle size. This indicates that the effect can be much larger for fly ash 401 
with a large portion of particles located close to the critical Stokes number.  402 
 403 
Figure 8 The predicted ash deposition rate under different flue gas velocity conditions relevant to boiler 404 
conditions. 405 
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 406 
Figure 9 Predicted deposition efficiency as a function of particle size under the gas velocity conditions 407 
relevant to the pilot-scale furnace and the velocity being 20 m/s (the shaded region is the modelling 408 
uncertainty). 409 
Interestingly, in Figure 8, the predicted ash deposition rate increases from approximately 7 to 30-40 g/m2*hr for 410 
coal while the rate decreases from approximately 25 to 5-10 g/m2*hr for biomass, and this can result in an higher 411 
deposition rate for coal than biomass under the higher velocities. Figure 9 shows the particle size based deposition 412 
efficiency (defined as the impaction efficiency*sticking efficiency)4 under the furnace velocity in the pilot-scale 413 
furnace and the velocity being 20 m/s as an example. Interestingly, larger/heavier particles have higher deposition 414 
efficiency in the pilot-scale furnace and the deposition efficiency for particles smaller than the critical Stokes number 415 
was close to zero. This suggests that, due to the low furnace velocity conditions, the pilot-scale furnace favours the 416 
coarse particle deposition and, when only considering the inertia impaction, the pilot-VFDOHIXUQDFHFDQKDYHDµFXW-417 
RII¶HIIHFWIRUWKHSDUWLFOHVVPDOOHUWKDQWKHFULWLFDOStokes number) on the ash deposit formation. However, after 418 
increasing the velocity to 20 m/s, the highest deposition efficiencies changes from the coarse particles to the fine 419 
particles (approximately 20-30 ȝm). This suggests that, in the velocity relevant to boiler conditions, the furnace 420 
favours the fine-medium particle deposition.  421 
4.4 Discussions 422 
4.4.1 Oxyfuel combustion 423 
After retrofitting from air combustion to oxyfuel combustion, the reduction in the gas flowrate leads to a decrease 424 
in the flue gas velocity (approximately 20% in this study) and the high concentration of CO2 increases the gas density 425 
(approximately 40% in this study), which results in the slight increase by approximately 10% in the Reynolds number 426 
and the decrease by approximately 20% and 36% in the particle Stokes number and particle kinetic energy, 427 
                                                        
4
 Note: Deposition efficiency represents the possibility of particles being able to deposit. It should be noted that, in 
addition to deposition efficiency, particle size distribution is the other important factor in dictating the contribution of 
differently-sized ash particles on deposition. 
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respectively. Therefore, regarding the aerodynamics, the major effects of the oxyfuel combustion on ash deposit 428 
formation are mainly caused by the decrease in the particle Stokes number and particle kinetic energy.  429 
Under the low velocity condition in the pilot-scale furnace, 20% reduction in the particle Stokes number shows 430 
a clear effect on the particle impaction efficiency due to the low Reynolds number (70-80 in this study) and low 431 
particle Stokes number (100ȝm, 0.8-1; 50ȝm, 0.2-0.3; 10ȝm, 0.05-0.1 in this study). The degree in the variation of 432 
the overall particle impaction efficiency is dictated by the particle size distribution. Generally, with more particles 433 
having Stokes number close to the critical Stokes number, ܵݐ௖௥௜௧௜௖௔௟, the decreased particle impaction efficiency can 434 
be larger. When only considering the inertia impaction, the correlation, ܵݐ௖௥௜௧௜௖௔௟ ൌ  ?Ǥ ? ? ? ܴכ݁ି଴Ǥଶଵଵ, is suggested 435 
to estimate the critical Stokes number for Reynold numbers ranging from 21.3 to 1065 (suitable for the pilot-scale 436 
furnace), derived from the CFD predicted data (critical Stokes number and Reynold number) by Weber et al. [36]. 437 
On the other hand, the reduction in the particle kinetic energy could not lead to a clear effect on the overall particle 438 
sticking behaviour in this study. This may be attributed to the low velocity condition, which results in the particle 439 
kinetic energy to be located in the low value region and the predicted particle sticking efficiency is less sensitive to 440 
the particle kinetic energy.  441 
Under the high velocity condition, which is relevant to full-scale boilers, the reduction in the particle Stokes 442 
number does not have an obvious effect on the particle impaction efficiency due to the high Reynolds number (2300-443 
4300 in this study) and high particle Stokes number (100ȝm, 22-45; 50ȝm, 5-11; 10ȝm, 0.2-0.4 in this study). This 444 
suggests the change cannot have an obvious effect on the particle impaction behaviour. On the other hand, the 445 
decrease in the particle kinetic energy clearly increases the overall particle sticking efficiency by approximately 30% 446 
in this study. This may be attributed to the high velocity condition, which results in the predicted particle sticking 447 
efficiency being sensitive to the particle kinetic energy. 448 
Therefore, this study suggests that: in the pilot-scale furnace, oxyfuel combustion can decrease the particle 449 
impaction but the degree in the variation is dictated by the fly ash size distribution; oxyfuel combustion could not 450 
have a clear effect on the particle sticking behaviour for the recycled wood, but further studies are needed for more 451 
fuels as the particle sticking efficiency is also dictated by the ash chemistry. For retrofitting consideration in boilers, 452 
unlike the pilot-scale furnace, oxyfuel combustion cannot effectively decrease the particle impaction efficiency, but 453 
the reduction in particle kinetic energy may increase the particle sticking behaviour. 454 
4.4.2 From pilot-scale to full-scale  455 
The pilot-scale furnace favours the coarse particle deposition due to the low velocity condition while the full-456 
scale furnace favours the deposition of fine-medium particles due to the high velocity condition. When only 457 
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considering the LQHUWLDLPSDFWLRQWKHORZYHORFLW\FRQGLWLRQHYHQKDVDµFXW-RII¶HIIHFWRQthe particle deposition 458 
with the particle Stokes number smaller than the critical Stokes number, which does not occur under the high velocity 459 
conditions. Therefore, the conclusions of ash deposition behaviours from the pilot-scale furnace cannot be directly 460 
employed for the full-scale boilers. In this study, the recycled wood has a much higher deposition rate (three times) 461 
than the EI Cerrejon coal in the pilot-scale furnace while the biomass may not be able to have a higher ash deposition 462 
rate than the coal when increasing the flue gas velocity conditions to a level in a boiler. Also, the study indicates that 463 
solid fuels with a high sticking efficiency (ash contains a large portion of the inorganic species with low melting 464 
points) can have a higher deposition rate under the velocities that occur in boilers than the pilot-scale furnace while 465 
the solid fuel with a low sticking efficiency (ash contains a large portion of the inorganic species with high melting 466 
points) can have an opposite ash deposition behaviour.  467 
The study suggests the importance of understanding the detailed fly ash properties (size distribution, size based 468 
density, size based ash composition. etc.) to provide a better estimation of the ash deposition propensity in boilers. It 469 
is confident to propose that, besides furnace temperature, the aerodynamics and fly ash physicochemical properties 470 
can dictate the deposit formation, as shown in Table 3. In the pilot-scale furnace, the fume and fine particles contribute 471 
to the deposit formation of the initial layer due to the condensation and the thermophoretic effect, while the coarse 472 
and medium particles contribute to the major deposit formation of the other layers. In the boiler, the fume and fine 473 
particles contribute to the deposit formation of the initial layer due to the condensation, eddy impaction and the 474 
thermophoretic effect, the fine-medium particles contribute to the deposit formation of the other layers, while the 475 
coarser particles can not only be more difficult to deposit but also cause erosion and reduce the ash deposit formation. 476 
It should be noted that there is a difference in the deposit formation mechanism between slagging and fouling due to 477 
the change in the flue gas temperature. For fouling, due to the much lower flue gas temperature, the major ash deposit 478 
formation can be dependent on the stickiness of the initial layer of the deposits and the stickiness of the particle 479 
surface resulting from the heterogeneous condensed gaseous alkali species. Therefore, the concentrations of the 480 
gaseous species and fume particles of potassium/sodium relevant phases are significant in the understanding of the 481 
fouling formation and the determining of the solutions to control the fouling issues. For slagging, due to the high flue 482 
gas temperature, both the ash particles and the deposit surface are possible to be sticky while the effect of the gaseous 483 
alkali species are less important [27]. For woody biomass, potassium and chlorine play a significant contribution in 484 
causing serious ash deposit issues due to the low melting temperatures of the potassium related minerals to generate 485 
a sticky deposit surface and increase the particle stickiness itself under the pulverised combustion conditions. In 486 
addition, high concentrations of potassium in the deposits can increases the degree of sintering [43], which 487 
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deteriorates the deposit removal. For the recycled woody biomass with a low concentration of potassium used in this 488 
study, the ash deposition should not be serious as both SiO2 and CaO are less reactive and refractive.  489 
Table 3 Relationship between the particle properties and ash deposit formation for woody biomass (silicon 490 
and calcium as the major ash components) in pilot-scale furnaces and full-scale boilers5. 491 
 Particle type Deposition mechanism 
Deposition 
efficiency 
Deposition severity 
(depending on particle 
melting potential) 
Pilot-
scale 
Fine particles 
(fume-submicron 
sized, micron 
sized) 
Evaporation/nucleation/condensation, 
Thermopheresis. 
Low 
Low: SiO2, CaO, Al2O3, etc.; 
Fe2O3, etc.; 
High: KCl, K2SO4, etc.; 
Medium (§ 10-
70 ȝm) Thermopheresis, Inertia impaction Low 
Low: SiO2, CaO, Al2O3, etc.; 
Fe2O3, CaSiO3, etc.; 
High: K2O-SiO2, etc.; 
Coarse (>70 ȝm) Inertia impaction High  
Low: SiO2, CaO, Al2O3, etc.; 
Fe2O3, CaSiO3, etc.; 
High: K2O-SiO2, etc.; 
Full-
scale 
Fine particles 
(fume-submicron 
sized, micron 
sized) 
Evaporation/nucleation/condensation, 
Thermopheresis, eddy impaction, 
Inertia impaction (micron sized) 
Low 
Low: SiO2, CaO, Al2O3, etc.; 
Fe2O3, etc.; 
High: KCl, K2SO4, etc.; 
Fine-Medium (§ 
10-70 ȝm) Inertia impaction High 
Low: SiO2, CaO, Al2O3, etc.;  
Fe2O3, CaSiO3, etc.; 
High: K2O-SiO2, etc.; 
Coarse  Inertia impaction (>70 ȝm) 
Low, or 
even cause 
erosion 
Low: SiO2, CaO, Al2O3, etc.; 
Fe2O3, CaSiO3, etc.; 
High: K2O-SiO2, etc.; 
4.4.3 Modelling ash deposition 492 
An initial uncertainty analysis in the RANS-based CFD modelling of ash deposit formation has been undertaken. 493 
Generally, the experimental measurements, the numerical parameters and the model parameters are considered in 494 
this study. This study suggests that the model parameters relevant to the fly ash formation are the major contributors 495 
to the modelling errors while the uncertainties in the particle tracking can be minimized by using a fine mesh and a 496 
high resolution of the particle size distribution. Fly ash formation dictates the fly ash size distribution, density and 497 
size based ash composition. In this study, the possible range in the size distribution and size based particle sticking 498 
                                                        
5
 Trace elements were not discussed in this study for ash deposit formation due to their low concentrations. In addition, 
the ash composition is represented by the oxides of the ash elements. 
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efficiency might be overestimated since the modelling errors are much larger than the experimental uncertainties, 499 
especially for the coal ash deposition case in the pilot-scale furnace and the biomass ash deposition cases under high 500 
velocity conditions. A detailed fly ash formation model is urgently needed to better predict the ash deposit formation 501 
[29, 44]; alternatively, the experimentally detailed information of the fly ash properties can be used to improve the 502 
CFD prediction of the ash deposition. Also, better fly ash properties can be used to accurately derive the particle 503 
sticking behaviours from combining the CFD results and experimental measurements [45]. On the other hand, for a 504 
cooled heat exchanger tube, dynamic CFD models are required to predict the whole ash deposit formation process 505 
[27, 46]. In addition to the uncertainties mentioned above, an uncertainty analysis relevant to the deposit properties 506 
(thermal conductivity, porosity, etc.) is needed. 507 
5 Conclusions 508 
(i) Although the recycled wood has a much higher deposition rate than the EI Cerrejon coal in the pilot-scale 509 
furnace, the new waste fuel can numerically have a lower deposition rate than the coal under a high velocity condition 510 
that is similar those employed in full-scale boilers. This can be due to the much lower sticking efficiency of the 511 
recycled wood, which has high concentrations of calcium and silicon, but a low potassium concentration. Ash with 512 
a high sticking efficiency can have higher deposition rate under boiler velocity conditions than the pilot-scale ones 513 
while ash with a low sticking efficiency can have an opposite trend. In addition, the oxyfuel combustion condition 514 
shows a similar deposit formation to the air combustion condition for the recycled wood in both the pilot-scale furnace 515 
and the high velocity conditions, where the differences are within the experimental uncertainties.  516 
(ii) The effect of oxyfuel combustion condition on ash deposition is different between the pilot-scale furnace and 517 
the high velocities in the full-scale boilers. Due to the decrease in the flue gas velocity under oxyfuel condition, both 518 
the particle Stokes number and particle kinetic energy can decrease. The decrease in the overall particle impaction 519 
efficiency is clearer in the pilot-scale furnace than in the full-scale velocity condition. This is due to the much lower 520 
Reynolds number and particle Stokes number in the pilot-scale furnace. Also, the degree of the decrease in the 521 
impaction efficiency is dictated by the particle size distribution in the pilot-scale furnace. When there is more ash 522 
particles close to the critical Stokes number, the degree of the decrease can be larger. On the other hand, the decrease 523 
in the particle kinetic energy has a cleared effect on the increase in the overall particle sticking efficiency in the full-524 
scale velocity conditions than the pilot-scale furnace. This could be due to the much higher velocity and higher 525 
particle kinetic energy in the full-scale conditions. However, further studies are required as the particle sticking 526 
behaviour is relevant to the ash chemistry as well. 527 
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(iii) The selective deposition behaviour is different between the pilot-scale furnace and the higher velocity 528 
conditions relevant to full-scale boilers. The pilot-scale furnace favours the coarser particle deposition due to the low 529 
velocity condition while the full-scale furnace favours the deposition of fine-medium particles due to the high velocity 530 
condition. It should be cautious to perform transfer of the deposition observations in the pilot-scale furnace to full-531 
scale boiler. In this study, the predicted ash deposition rate of the recycled wood can be numerically lower than the 532 
EI Cerrejon coal when using the full-scale boiler velocity conditions. A relationship between the fly ash particle 533 
properties and the deposition propensity for woody biomass is suggested, which is dictated by the aerodynamics and 534 
ash physicochemical properties. 535 
(iv) The CFD based ash deposition model presents a qualitative agreement with the measurements. An initial 536 
modelling uncertainty analysis has been carried out. Uncertainties in the modelling parameters of the fly ash 537 
properties (size distribution, size-based ash chemistry, density, etc.) are responsible for the major source of errors 538 
along with the possible experimental uncertainties in the fuel analysis of the ash content. The uncertainties in the 539 
particle tracking can be minimized by using a fine mesh and high resolution in the particle size distribution.  540 
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